Abstract Colon cancer frequently metastasizes to the liver but the genetic and phenotypic properties of specific cancer cells able to implant and grow in this organ have not yet been established. The contribution of the patient's genetic, physiologic and pathologic backgrounds to the incidence and development of hepatic colon cancer metastases is also presently misunderstood. At a transcriptional level, hepatic metastasis development is in part associated with marked changes in gene expression of colon cancer cells that may originate in the primary tumor. Other changes occur in the liver and are regulated by hepatic cells, which represent the new microenvironment for metastatic colon cancer cells. However, hepatic parenchymal and non-parenchymal cell functions are also affected by both tumor-derived factors and systemic host factors, which suggests that the hepatic metastasis microenvironment is a functional linkage between the hepatic pathophysiology of the colon cancer patient and the biology of its cancer cells. Therefore, together with metastasis-related gene profiles suggesting the existence of liver metastasis potential in primary tumors, new biomarkers of the prometastatic microenvironment supported by the liver reaction to colon cancer factors may be helpful for the individual assessment of hepatic metastasis risk in colon cancer patients. In addition, knowledge on hepatic metastasis gene regulation by the hepatic microenvironment may open multiple opportunities for therapeutic intervention during colon cancer metastasis at both subclinical and advanced stages.
The Cancer Microenvironment as a Functional Nexus between Cancer Cell Biology and Pathophysiology of the Cancer Patient
Pathophysiology of the Cancer Patient When cancer cells disrupt normal physiological processes, the malignant disease moves from a pathogenic to a pathophysiologic level. Pathophysiology of the cancer patient refers to the specific alterations of body functions caused by cancer cells [1] . It includes the ensemble of biological and physical manifestations of the disease that correlate with underlying molecular abnormalities and cell disturbances in both cancer and host cells. Pathophysiologic parameters of the cancer patient represent the clinical signature of the disease. They are the basis for diagnosis and therapy and, at the same time, are useful references for translational research activities.
Pathophysiology of the cancer patient does not only depend on the cancer cells themselves. The cancer microenvironment, which is mainly constituted by tumoractivated host cells surrounding or even coexisting with cancer cells within the tumor, also remarkably contributes to the pathophysiology of the cancer patient [2] . Moreover, since abnormal cancer cells are frequently insensitive to many physiologic control factors from the host, the microenvironment of tumor-activated host cells can also act as an efficient translator of host signals to cancer cells. The microenvironment thus, represents an element with bidirectional properties having the capability to establish a functional linkage between cancer cell activities and systemic host factors, even if they come from anatomically remote organs.
Cancer microenvironment can induce and respond at the same time to tumor and host factors, acting as a relevant functional entity with an interface role between the biology of cancer cells and the complex pathophysiology of the cancer patient. For this reason, cancer microenvironment should be viewed as a constellation of tumor-activated host cells [3] that are functionally coupled not only to the tumor but also to the whole body. This suggests that specific alterations of body functions representing the pathophysiology of the cancer patient are contributed not only by cancer cell factors, but also by factors released from tumor-activated host cells at the cancer microenvironment ( Fig. 1) .
During the pathogenic process of cancer metastasis, biological features of specific target organs also influence the microenvironment of metastatic cancer cells [4] . However, because dissemination of cancer cells usually occurs at advanced stages of cancer progression, target organs are already altered by previous factors released from primary tumor. Hence, the cancer metastasis microenvironment may not only depend on the anatomy and biology of the target organ [4] , but also on pathophysiological features previously generated in the target organ as a consequence of primary tumor development and any other tumor-unrelated preexisting disease. For this reason, measurement of body tissue dysfunctions induced by primary tumor growth, and particularly measurement of the pathophysiological parameters that promote cancer progression is becoming increasingly relevant at a clinical level, not only for better understanding cancer biology and progression, but also for predicting metastasis risk and selecting the best treatment options for every patient.
Subclinical Events of Developing Cancer Pathophysiology When a primary tumor is still microscopic, its systemic effects are negligible and it is difficult to recognize them clinically on the basis of pathophysiological parameters. However, early in the subclinical stage, primary tumors have already regional effects, which precede the later systemic effects. In particular, subclinical effects include those resulting from compression, destruction and replacement of normal tissues around the tumor. Physical microenvironment is increasingly recognized as having a major influence on cellular phenotype of host cells that are responsive to stretching [5] . Recent data have emphasized the importance of mechanosignal transduction pathways (mechanotransduction) in tumor progression [6] . In these cases, external forces are transmitted via cell surface receptors to cytoskeletal and signaling proteins inside the cell, driving phenotypic changes. Next, cancer cell growth can also affect its surrounding microcirculation, leading to ischemic areas whose subsequent reperfusion can increase environmental release of reactive oxygen intermediates (ROIs), promoting
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(IV) Fig. 1 The cancer microenvironment as a functional nexus between cancer cell biology and pathophysiology of the cancer patient. Cancer cell activities can instruct surrounding tissues (I) and even distant organs (II) to undergo changes that promote cancer progression and metastasis. Cancer microenvironment can in turn induce and respond at the same time to cancer and host factors, acting as a functional entity with an interface role between the biology of cancer cells and the pathophysiology of the cancer patient (III-IV). Understanding the mechanisms by which cancer cells interact with their surroundings, both locally in the tumor organ and systemically in the body as a whole, may have implications for cancer prevention and therapy tissue damage, inflammation and altered gene expression to both host and cancer cells [7] . These tissue disturbances are further fostered by tumor-derived soluble factors also acting on normal tissues and promoting recruitment of stromagenic and preangiogenic cells. Host cell enrichment within cancer tissue largely varies but its growth as a tumor-specific stroma, adept at the tumor, is also promoted by tumor-derived factors [8] , and it therefore represents an indirect biomarker of tumor functionality. Moreover, while tumor stroma is under cancer cell control, it is composed of normal cells that can also respond to physiologic host factors, which may play a critical role as a functional nexus between cancer cell biology and patient's pathophysiology. Another pathophysiological implication of the cancer microenvironment depends on the progressive development of an intratumoral microcirculation connected to lymphatic and blood vessel circulatory systems [9] . Once again, this has bidirectional implications: 1) by facilitating systemic spread of circulating cancer cells and tumor-derived soluble factors; and 2) by allowing other circulating host cells, soluble factors and hormones from the body to gain access into the tumor and to act on both cancer and tumoractivated stromal cells. Therefore, cancer microenvironment can remarkably contribute to the pathophysiology of the cancer patient even at a subclinical stage and should not be clinically ignored.
The Liver Prometastatic Reaction in the Pathophysiological Context of Patients with Colon Cancer
Hepatic Colon Cancer Metastasis as a "Prometastatic Model" of Cancer Pathophysiology Experimental evidences support the contribution of cancer cell factors to cancer microenvironment regulation and, vice versa, of cancer microenvironment factors to cancer cell regulation [2, 3] . Nevertheless, the linkage between cancer patient's pathophysiology and cancer cell biology is not yet fully elucidated, and valid models with translational potential are needed. The hepatic metastasis occurrence subsequent to colon cancer development may be a good model in that regard. First, both the innate genetics and the very diverse functional profiles that are operating in the liver for each patient may contribute to the diathesis, or predisposition level of the liver not only for hepatocarcinogenesis [10] , but also for colon cancer cell invasion and colonization. At present, innate physiological conditions that either prevent or facilitate hepatic metastasis have not yet been clinically established. However, there are various pathophysiological conditions in the liver that lead to functional changes promoting metastasis [11] . Some of them are very common and include hepatic regeneration, fibrosis, inflammation, immune suppression and endocrino-metabolic alterations. However, at present, how altered hepatic microenvironments are in turn inducing the prometastatic gene expression phenotype of cancer cells in patients with colon cancer is still unclear.
Second, both prometastatic circumstances operating at the microenvironment of colon cancer and remote effects of cancer cell factors on target organ microenvironment support the hepatic metastasis potential of colon cancer (Fig. 2) . Examples of these tumordependent actions are: specific gene expression profiles at the primary tumor, inducing colon cancer cell receptors for prometastatic hepatic soluble factors; and colon cancer cell secretion of soluble factors and shedding of membrane-bound proteins that drain into portal vein circulation, inducing remote activation of hepatic cells and premetastatic niches for circulating cancer cells [12, 13] . However, how such metastatic cancer cell phenotypes are selected and regulated by the microenvironment at the 
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Generation of colon cancer cells able to implant and grow at hepatic premetastatic niches (I) (II) Fig. 2 Prometastatic events at the microenvironment of primary colon cancer. The remote effects of colon cancer cell factors on target organ microenvironment results in premetastatic niche formation in turn supporting activation of metastatic colon cancer cell in the liver primary tumor and the liver of colon cancer patients is at present unclear.
Third, the metastatic process has been extensively studied using experimental models in mice, and many gene products associated with colon cancer cells' ability to metastasize to the liver have already been reported [14] [15] [16] . However, pathophysiological implications of the molecular genetics of colon cancer at the prometastatic microenvironment of the liver remain unclear at a clinical level. Moreover, most of experimental metastasis models have been done in healthy young animal, ignoring the fact that majority of colon cancer metastasis occur in aged livers and that when metastatic cells arrive in the liver, it is already activated by earlier subclinical delivery of soluble factors and even circulating cancer cells from the primary tumor (Fig. 3) .
The major cause of death in colon cancer patients is related to liver metastasis, and therefore, identification of both hepatic microenvironment-specific biomarkers for metastasis risk prediction and liver-dependent metastasis gene products are urgent and relevant for diagnostic development and cancer microenvironment pharmaceutics in colon cancer patients.
Based on these general principles of cancer microenvironment regulation along the developing cancer pathophysiology and opportunities offered by the hepatic colon cancer metastasis model, the main purpose of this review is 1) to analyze the liver prometastatic reaction in the pathophysiological context of patients with colon cancer; and 2), the functional profile of hepatic colon cancer metastasis at a gene expression level, with particular emphasis on the microenvironmental control of genes associated with colon cancer cells' ability to metastasize to the liver.
The Liver Prometastatic Reaction to Colon Cancer Factors Besides regional lymph nodes, the liver is the first organ where superior mesenteric vein-draining colon cancers deliver their soluble molecules and circulating cancer cells. This is an occult event occurring prior to colon cancer detection, since it may start as soon as the tumor becomes angiogenic. Hepatic effects of colon cancer products may act until surgical removal of the primary tumor, and may result in subclinical liver functional changes hard to detect by medical and surgical oncology. However, it represents a key pathophysiological event of early stage colon cancer patients that may have implications for hepatic metastasis pathogenesis and regulation.
Under experimental conditions, both hepatic parenchymal and non-parenchymal cells react to colon cancer molecules and cells by creating a prometastatic microenvironment supporting the hepatic colonization process of colon cancer cells. The "liver prometastatic reaction" involves inflammatory activation of hepatic microcirculation with release of abnormal amounts of proinflammatory cytokines, chemokines and ROIs from hepatic sinusoidal endothelium and Kupffer cells. It [11, 13] . Moreover, tumorderived products are not the only hepatic factors that increases predisposition to colon cancer metastasis. There are some tumor-unrelated biological backgrounds, such as discoidin domain receptor-2 (DDR-2) deficiency and pathophysiological circumstances of the liver (see "Prometastatic Implications of Non-Neoplastic Liver Pathophysiology"), such as hepatic fibrosis, regeneration and chronic inflammation that also may mimic the prometastatic reaction, promoting hepatic colonization of colon cancer cells under experimental conditions.
Hepatic Metastasis Predisposition in Colon Cancer Patients
Architectural and Functional Aspects of Liver Tissue with Implications for Cancer Metastasis The complex functions of the liver in biosynthesis, metabolism, clearance, and host defense are tightly dependent on its specialized microcirculation and parenchymal/non-parenchymal cell heterogeneity. Interestingly, the same architectural and functional aspects of the liver that guarantee hepatic homeostasis are also determining the malignant behavior of cancer cells through the various stages of the metastatic process [17] . First, the functional heterogeneity of the hepatic microcirculation at the lobular level and its unique sinusoidal cell composition influence the trafficking, retention of, and damage to circulating cancer cells reaching the liver through the portal vein or hepatic artery [18] . Second, the perivascular hepatic mesenchymal cells -including fibroblasts from perilobular portal tract and perisinusoidal hepatic stellate cells-become "tumor-activated myofibroblasts" providing a unique stromal support for metastatic cell growth and tumor angiogenesis [19] . Third, the phenotypic heterogeneity [20] of the hepatic parenchymal cell compartment represents an additional bio-resource for tumor-associated stromal cells and autocrine growth factors through epithelial to mesenchymal transition [13] . Fourth, the status of the hepatic regional immunity [21] , including innate immunity activation and adaptive immunity suppression by tumor-derived factors, also contribute to cancer cell survival and growth [13] . Altogether, these liver-unique elements constitute a functional microenvironment representing the specific biological background encountered by metastatic colon cancer cells entering the liver.
Innate Prometastatic Conditions of the Hepatic Microenvironment Organ-specific features endow the liver with a functional microenvironment that may provide prometastatic cues to circulating cancer cells. Among these architectural/functional aspects of the liver are the following:
-The dual, slow and tortuous character of the hepatic microcirculation [22] , which provides the hepatic "territory" with a great accessibility and efficient filtration and recognition capabilities for circulating cells, microbes and soluble molecules. This is due to the anastomotic arrangement of networking capillaries within the hepatic tissue and to the special role that organ-specific subtypes of endothelial cells, macrophages and pericytes play in blood flow control [23] . These hemodynamic features not only provide access to the liver but may also facilitate the mechanical arrest of cancer cell emboli carried in the blood from tumors located in other organs. Another feature of the hepatic biology that is relevant at the microvascular phase of hepatic metastasis is the rich profile of surface molecules provided to disseminating cancer cells by fenestrated hepatic sinusoidal endothelium cells (HSECs) and organ-specific macrophages i.e. Kupffer cells lining the hepatic capillaries. Major molecules on the surface of these hepatic scavenger cells include diverse terminal oligosaccharide moieties [24] , cell adhesion proteins [25] , endocytotic receptors [26] and toll-like receptors (TLRs) [27] normally involved in the recognition of pathogen-associated molecular patterns and endogenous toll-like receptor ligands termed "damage-associated molecular patterns". More importantly, most of these surface molecules are regulated by inflammatory cytokines and account for the efficient hepatic uptake and clearance of circulating gut-derived nutrients, toxins, microbes, waste molecules, aged cells, and even cancer cells. Not surprisingly, both tumor-derived soluble factors and circulating cancer cells delivered to the liver through the portal vein induce HSECs to adopt a proinflammatory phenotype that manifests as activation of mannose receptor-mediated endocytosis [28] , induction of adhesion molecules [29] , and release of proinflammatory mediators [30, 31] and ROIs [32] . Resident Kupffer cells similarly become activated and new ones are recruited from the circulating precursor cell compartment into the tumor-activated hepatic microvasculature. Thus, cytokine release from tumoractivated hepatic microvascular cells can be identified as an early, tumor-specific, inflammatory response to liver-invading cancer cells that influences the occurrence of experimental metastasis (Fig. 4) . Moreover, factors that attenuate the tumor-induced host proinflammatory response (e.g., endostatin, COX-2 inhibitors, IL-1 receptor antagonist, IL-18 binding protein) or block adhesion receptors (e.g., VLA-4 antagonists) for cancer cells have a therapeutic effect in the prevention of experimental liver metastasis [33] [34] [35] [36] .
-The liver contains heterogeneous populations of endoderm-derived parenchyma cells [37] (i.e. hepatocytes and cholangiocytes), and mesenchymal nonparenchymal cells [38] . These cell populations coordinately establish the functional tissue structure supporting the glandular and metabolic functions of the liver. At the same time, this functional coordination serves to restore hepatic microarchitecture during physiological renewal and regeneration in response to a variety of pathophysiological circumstances [39] . However, this powerful tissue-reconstitution machinery can also be co-opted during the development of hepatic metastases. In fact, the same hepatic parenchymal and nonparenchymal cells can also contribute to intratumoral stroma and blood vessel generation in response to tumor-derived factors, providing a favorable milieu for the survival and growth of disseminating cancer cells. -Perivascular hepatic mesenchymal cells -including fibroblasts from perilobular portal tract and perisinusoidal hepatic stellate cells-become activated myofibroblasts in response to liver insults of viral, metabolic, toxic and tumoral origin [40, 41] . These activated mesenchymal cells are the major source of extracellular matrix during liver injury and secrete all the components of the hepatic scar. In addition, they also have proangiogenic [42] and parenchymal cell-stimulating activities, contributing to hepatic regeneration [43, 44] . However, when this stromal reaction is induced by tumor-derived factors, it provides a unique stromal cell support for cancer cell invasion and growth and for the induction of tumor angiogenesis with resulting prometastatic effects [42] . -The liver contains specialized subpopulations of the host defense system including resident macrophages, dendritic cells, mast cells, cytotoxic natural killer (NK) cells and T lymphocytes. These provide potent innate and adaptive immune responses [45] . However, the same defense machinery can also be the source of immune regulatory mediators, such as interleukin (IL)-10, prostanoids, soluble ICAM-1, and transforming growth factor (TGF)-β, that induce a regional immune suppression intended to limit the damage to the liver parenchyma, that can be caused by prolonged exposure to inflammatory and immune factors [46] . While this local immune suppression can provide a favorable milieu for liver transplantation [47] and increases oral tolerance [48] , it may also contribute to the occurrence of autoimmunity, infectious diseases and cancer metastasis in this organ [49] . Not surprisingly, the hepatic microenvironment can be relatively tolerant to invading microorganisms such as malaria sporozoites [50] and fungi [51] and is also favorable to the development of hepatic metastases.
It appears therefore that in addition to specific features of the hepatic microcirculation that facilitate the intra-hepatic lodgment of circulating cancer cells, the microenvironment and mechanisms that support key hepatic functions such as blood clearance, molecular scavenging, hepatic regeneration, wound healing, and immunity may also play a role in the retention or destruction of circulating cancer cells and ultimately may facilitate the ability of some colon cancer cells to develop metastases. In other words, the same Fig. 4 Altered cytokine pattern in the hepatic blood on the 3rd day after experimental intrasplenic injection of colon cancer cells in mice. Murine Co-26, MC-38 and 51B colon cancer cells were intrasplenically injected into syngeneic mice and hepatic venous blood samples were collected on day 3. Cytokine concentration was determined by ELISA and expressed as pg/ml per unit of hepatic weight. Control mice were intrasplenically injected with the same basal medium without cancer cells. *Differences were statistically significant as assessed by Student "t" test (P<0.01). Some of represented data come from our previous publications in this research program [28-30, 33-35, 40, 41, 80] mechanisms and responses of hepatic cells that guarantee hepatic homeostasis may influence metastatic behavior of liver-colonizing cancer cells [13] . For example, production of VEGF significantly varied among primary cultures from individual hepatocytes isolated from liver samples obtained during surgical treatment of metastases from colon cancer patients (Fig. 5 ). More importantly, there was a correlation between VEGF production and proliferation of HT-29 human colon carcinoma cells given conditioned media (CM) from those primary cultured hepatocytes, suggesting a cancer cell growth-stimulating role for tumor-activated hepatocytes. VEGF production and in vitro migration also correlated in primary cultured hepatic stellate cell-derived myofibroblasts given the same CM from hepatocytes, suggesting an additional proangiogenic role for hepatocytes [52] .
Altogether, the functional diversity in the microenvironment representing the biological background encountered by metastatic cancer cells entering the liver may affect cancer patients' susceptibility to hepatic metastasis. Moreover, the several hepatic cell reactions to colon cancer cells and their secreted soluble molecules raise the possibility that hepatic microenvironment-specific biomarkers could be identified in patients with colon cancer that may provide prognostic tools for metastasis risk prediction, prevention, surgery and anti-tumor drug selection for liver metastasis.
Prometastatic Implications of Non-Neoplastic Liver Pathophysiology
It is generally accepted that alterations in the local microenvironment during inflammation, wound healing or organ growth can provide a favorable climate for cancer cell growth and metastasis [53] [54] [55] [56] . This is well illustrated in models of non-neoplastic models of the hepatic pathophysiology as for example: liver regeneration following partial hepatectomy, liver fibrogenesis in discoidin domain receptor-2 (DDR2)-deficient mice and cirrhosis. These models of prometastatic microenvironment offer opportunities for identification of new molecular targets for antimetastatic therapy. Their major features are summarized below.
Regenerating Liver Microenvironment and Metastasis
Surgical resection of hepatic tumors remains the first choice for curative treatment of hepatic colon cancer metastases, giving the patient the only chance for long-term survival [57, 58] . However, in up to 45% of tumors, extended liver resection is necessary to achieve clear resection margins, and the reason for unresectability is often that the remnant liver is of insufficient volume to support postoperative liver function. In these cases, a surgical procedure combining preoperative portal vein embolization, which reduces blood flow to the resected hepatic segments and increases blood supply to the remaining liver, can be used to reduce the risk of postoperative liver failure after major liver resection, thereby increasing the number of resectable patients [59] [60] [61] . However, partial hepatectomy for patients with liver metastases is associated with a tumor recurrence rate approaching 80%. There are cases in which accelerated hepatic tumor growth occurs even after portal vein embolization [62] , suggesting that factors involved in liver regeneration may stimulate the reactivation of dormant hepatic micrometastases, and even the hepatic implantation of circulating cancer cells. Therefore, despite the known In vitro VEGF secretion by primary cultured hepatocytes from patients with advanced colon cancer and hepatic metastases. Hepatocytes came from the tumor-unaffected liver tissue of patients with stage IV colon cancers, undergoing partial hepatectomy for hepatic metastasis surgery. All experimental procedures were done in compliance with Spanish laws and regulations and were approved by the Ethics Committee. Hepatocytes were isolated by a two-step collagenase perfusion as described previously [100] . After Percoll purification, freshly isolated hepatocytes were plated onto 60-mm dishes at a density of 3.5×10 6 cells/dish and cultured in HAM-F12/ William's-E medium supplemented with 5% fetal calf serum, insulin (4 mg/l), hydrocortisone (10 ‫6ذ‬ mM), and gentamycin (50 mg/l). Samples from culture supernatants were obtained on the 48th hour of culture. VEGF concentration was determined by ELISA. Data are expressed as average values of triplicated cultures survival benefits for patients undergoing partial hepatectomy for colorectal metastases, questions have arisen regarding the potential effects of the regeneration process on the growth of any residual tumor deposits. Experimental excision of 70% of total liver mass induces rapid hyperplastic growth of remnant liver tissue that restores initial organ mass within 2 weeks post-surgery [63] . The same surgical procedure in syngeneic cancer cell-injected mice significantly increases implantation and growth of liver metastases and promotes outgrowth of dormant micrometastases [64] [65] [66] [67] [68] [69] . However, when cancer cells are introduced after liver regeneration is complete, the tumor load is comparable to that of non-surgical controls. Thus, stimulation of tumor growth consequent to partial hepatectomy appears to depend on factors associated with active liver regeneration. Not surprisingly, cellular and molecular changes resulting from partial hepatectomy and the subsequent liver regeneration process can influence the kinetics of cancer cell growth and contribute to recurrence. Several groups have explored the mechanisms underlying the rapid tumor growth after portal vein embolization. Kokudo et al. [70] assessed the proliferative activity of intrahepatic metastases in the embolized liver after portal vein embolization in patients with colorectal carcinoma metastases and found a significantly increased tumor Ki-67 labeling index in the metastases of the portal vein embolization group as compared to those not treated by portal vein embolization. It was postulated that the tumor growth after portal vein embolization may be controlled by 3 factors namely, the malignant potential of the tumors, changes in the blood supply after portal vein embolization and changes in the levels of cytokines or growth factors induced by portal vein embolization [70] . For example, cytokines such as hepatocytes growth factor (HGF), IL-6 and insulin-like growth factor (IGF)-1 and prostaglandins have been implicated in promoting hepatic regeneration, while other factors such as TGFβ, glucagon, and glucocorticoids are known to be inhibitory. HGF is one of the most powerful hepatotropic factor identified to date. Animal models of portal vein branch ligation showed that HGF mRNA levels markedly increased in the non-ligated growing lobe, but was increased only slightly in the ligated shrinking lobe. Increased tissue levels of HGF may also increase plasma levels, but its ability to promote cancer cell "scattering" and invasion raises some concern about its therapeutic safety. Takahara et al. [71] reported that an engineered cytokine derived from HGF and the HGF-like factor, macrophage-stimulating protein, was as effective as HGF at preventing liver injury and at promoting hepatocyte regeneration, but it was therapeutically safer than HGF because it lacked proangiogenic and prometastatic activity during intrahepatic dissemination of orthotopically-injected hepatocarcinoma cells. Therefore, a better understanding of underlying microenvironmental changes in the liver resulting from hepatectomy and the subsequent liver regeneration process is essential. This may enable alternative strategies to minimize tumor recurrence and improve patient survival after hepatectomy.
The Fibrotic Microenvironment of the Liver and Metastasis Liver damage leads to an inflammatory response and to the activation and proliferation of mesenchymal cell populations within the liver that remodel the extracellular matrix as part of an orchestrated woundhealing response [19] . Chronic damage results in a progressive accumulation of scarring proteins (fibrosis) that alters tissue structure and function with increasing severity, leading to cirrhosis and liver failure. Frequently, circulating colon cancer cells can colonize the altered microenvironment of the cirrhotic liver. However, at the moment it is unclear whether changes in the architecture and function of cirrhotic livers are preventing or promoting metastasis. Malignant cancers rarely metastasize to livers with cirrhosis and autopsies have confirmed that the rate of metastasis to cirrhotic liver is lower than that to normal liver, suggesting that cirrhosis may inhibit metastasis formation [72] [73] [74] [75] [76] . A possible explanation is that venous shunting in cirrhosis prevents cancer cells from reaching the liver, and that changes in the architecture of cirrhotic sinusoids may reduce metastasis [75] . Moreover, the activation of Kupffer cells in cirrhosis may also inhibit the formation of hepatic metastases due to their tumoricidal effects [77] . However, the mechanisms responsible for reduced tumor growth remain unclear and as suggested by Vanbockrijck and Kloppel [78] , the lower incidence of metastasis may actually be due to a shorter life expectancy of patients with cirrhosis. Moreover, recent observations argue against the antimetastatic effects of cirrhosis. For example, using intravital videomicroscopy Qi et al. [79] showed that the hepatic sinusoids were narrower in cirrhotic livers and more cancer cells were retained in terminal portal veins. This was also consistent with the increased expression of vascular adhesion molecules by sinusoids of cirrhotic livers. Interestingly, using confocal microscopy and the fluorescent nitric oxide probe 4,5-diaminofluorescein diacetate, the same authors detected a significantly lower level of NO release in livers with cirrhosis both under basal conditions and after cancer cell arrest, and a lower percentage of apoptotic cancer cells could be observed in the sinusoids of cirrhotic than normal livers. Consistent with these findings, more mitotic and Ki-67-expressing cancer cells were detected in the cirrhotic livers. Taken together the results suggest that microenvironmental changes in the architecture, adhesion molecule expression and NO production levels may cause more cancer cells to arrest, survive and proliferate in the microvasculature of livers with cirrhosis [79] .
Discoidin Domain Receptor-2 Deficiency and Hepatic Colon Cancer Metastasis Predisposition
The transdifferentiation of HSCs into myofibroblasts is a central event in the fibrogenic response to hepatic injury and cirrhosis [19] , and play a major role during stroma development in hepatic metastasis [41, 42] . Activated HSCs display myofibroblastic features, such as α-smooth muscle actin (SMA) expression and induction of tyrosine kinase receptors such as plateletderived growth factor (PDGF) receptor-β and discoidin domain receptor-2 (DDR2). DDR2 is a tyrosine kinase receptor for fibrillar collagen whose expression increases during the HSC activation associated with hepatic fibrosis [80] . Type I collagen-dependent upregulation of DDR2 expression establishes a positive feedback loop in activated HSCs, leading to further proliferation and enhanced release of matrix metalloproteinases. However, mice lacking the DDR2 gene (DDR2−/−) had an enhanced susceptibility to carbon-tetrachloride-induced hepatic fibrosis, suggesting that DDR2-dependent genes may also be anti-fibrogenic. Based on these findings, we hypothesized that tumor stroma formation by transdifferentiated HSCs may be enhanced by DDR2 deficiency, predisposing hepatic tissue to cancer metastasis. Interestingly, experimental hepatic metastasis of murine MC38 colon carcinoma cells significantly increased in DDR2−/− as compared to wild type mice [81] . Immunohistochemical analysis showed that hepatic metastases in DDR2−/− mice had a higher density of HSC-derived myofibroblasts, neoangiogenic vessels and proliferating cancer cells than those in DDR2+/+ littermates. Consistent with the in vivo findings, secretion of endothelial cell adhesion-and migration-stimulating factors, and of tumor cell proliferation enhancing factors increased in supernatants derived from primary cultures of DDR2−/− HSCs, as compared to wild-type HSCs. These secreted factors further increased in the supernatants of DDR2−/− HSC cultures pretreated with cancer cell-conditioned media. Moreover, under basal culture conditions DDR2 deficiency already involved altered HSC expression of key genes associated with immune response regulation: it decreased immunestimulating factor IL-18, while it increased immunesuppressant factors such as IL-10 and TGFβ. It also involves a decreased expression of IGF-I gene, while expression level of the pro-metastatic genes VEGF, bone morphogenetic protein 7 (BMP7), and syndecan-1 increased. More importantly, IL-10, VEGF and TGFβ gene expression further increased in HSCs from DDR2−/− mice, compared to those from DDR2+/+ mice, when they were treated with MCA38 cancer cell-conditioned medium (Fig. 6 ). IL-10 is a Th2-type cytokine that attenuates immune stimulation of hepatic fibrogenesis [82] and CEA-expressing colorectal tumors can prevent cancer cell death by inducing hepatic IL-10, thereby inhibiting hepatic NO-dependent cancer cell death [83] . TGF-β1 is a strong immune suppressor, a proangiogenic factor, and promotes metastasis of colorectal HSCs from DDR2−/− and DDR2+/+ mice were isolated and primary cultured for three days and their total RNAs were isolated and hybridized into DNA microarray for gene expression analysis as described previously [41, 42, 81] . Genes that had previously been related to relevant mechanisms in the hepatic metastasis process were analyzed by quantitative real time RT-PCR, comparing HSC from DDR2−/− and DDR2+/+ under both basal culture conditions and in the presence of media conditioned (CM) by MC38 colon cancer cells [81] . Results are expressed as relative values with respect to RPL13 mRNA expression levels. Under basal culture conditions, DDR2 deficiency already involved altered HSC expression of key genes associated to immune response regulation: it decreased immunestimulating factor IL-18, while it increased immune-suppressant factors IL-10 and TGFbeta. It also involved an expression decrease of IGF-I gene, while expression level of pro-metastatic genes VEGF, BMP7, and syndecan-1 significantly increased. More importantly, IL-10, VEGF and TGFbeta gene expression further increased in HSCs from DDR2−/− mice, compared to those from DDR2+/+ mice, when they were treated with MCA38 cancer cell-CM. *P<0.01 compared to cells treated with conditioned media from untreated DDR2+/+ HSCs cancer cells, thereby acting as an oncogene [84] . Therefore, HSCs has the ability to regulate the hepatic metastasis microenvironment via DDR2-dependent factors. However, DDR2 deficient mice may create a unique prometastatic microenvironment operating in the absence of DDR2-dependent factors preventing the expression of key factors fostering tumor-induced hepatic fibrogenesis, tumor cell adhesion and proliferation, and endothelial cell migration. DDR2 may act therefore as a hepatic metastasis suppressor factor operating in tumor-activated HSCs. However, DDR2 expression in the microenvironment of hepatic metastases from patients with colorectal cancer is low, which may increase risk of metastasis [81] .
Contribution of the Hepatic Microenvironment to Colon Cancer Gene Regulation
Gene Expression Profile of Hepatic Colon Cancer Metastasis The development of hepatic metastasis is associated with altered expression of many colon cancer genes and regulatory pathways at both primary and metastatic tumors [85] . Several approaches to explore gene expression profiles associated with hepatic metastasis in human colon cancer have been used. Some analyses were made on liver metastasis gene signatures from patients with advanced colon cancer, and tried to identify those genes that were expressed in liver metastasis and not in their matching primary tumors [86] [87] [88] . Because selecting only these genes may not be sufficient to assess their role in metastasis, they revalidated selected genes using primary colon cancers without liver metastasis for 3-5 years after curative surgery [87] . For example, Bertucci et al. [88] found 194 discriminating genes differently expressed in primary tumors with and without metastases, and were able to divide patients with significantly different 5-years survival. In contrast, by comparing the expression patterns of 6 tumors and corresponding metastases from the same patients Koehler et al. [89] found that expression level of most differentially expressed genes varied moderately, suggesting that many expression modifications occur during an early phase of the carcinogenesis process and only few alterations are associated with metastatic progression. According to Agrawal et al. [90] , one of these genes was osteopontin whose expression significantly increased from invasive cancer to metastatic primary tumor and liver metastases.
Others have investigated specific gene expression patterns predicting the metastatic potential of primary tumor from colon cancer patients. In this case, the main purpose was to discriminate the genes differently expressed in primary tumors with and without metastases, and therefore encoding the metastatic potential of the primary tumor. D'Arrigo et al. [91] found 37 discriminating genes between 10 radically resected primary tumors from patients who did not develop recurrence within 5-year follow-up, and 10 primary tumors from patients with synchronous metastases, and suggested that 29 of these genes could be a distinct metastatic fingerprint that may predict the risk of distance relapse. Yamasaki et al. [92] investigated the existence of liver metastatic potential in primary colorectal tumors using metastasis-related genes and reported that the profile of metastasized primary tumors resembled one of a metastatic lesion apart from a primary lesion rather than one of a nonmetastasized primary tumor. Moreover, the expression profile of these genes allowed the classification of tumors diagnosed as localized cancer into two classes, the localized and the metastasized class, according to their final metastatic status. The disease-free survival and overall survival were longer in the localized class than the metastasized class, suggesting that the metastatic potential was already encoded in the primary tumor and detectable, which may allow the prediction of liver metastasis in patients diagnosed with localized tumors.
Others studies have compared gene expression patterns between metastatic and non-metastatic stagematched human colon cancers in order to establish gene signatures that differentiate metastatic from nonmetastatic primary tumors, and to identify genetic markers of metastasis risk. Using this approach, Fritzmann et [93] established a signature of 115 genes that differentiated metastatic from non-metastatic primary tumors, and reported that TGFβ inhibitor BAMBI was highly expressed in approximately half of metastatic primary tumors and metastases but not in non-metastatic tumors. In addition, they observed an inverse correlation between level of BAMBI expression and metastasis-free survival time of patients. BAMBI inhibited TGFβ signaling and increased migration in colon cancer cells, and overexpression of BAMBI caused colon cancer cells to form tumors that metastasized more frequently to liver and lymph nodes than control cancer cells.
Hepatic Microenvironment-Dependent Colon Cancer
Metastasis Genes Despite the potential pro-metastatic role of the hepatic microenvironment, it is unknown which genes tumor-activated hepatic cells specifically regulate in colon cancer cells in order to support their intra-hepatic growth. In this context, we used a microenvironmental approach to the study of genes associated with colon cancer cells' ability to metastasize to the liver in patients with advanced colon cancer.
First we identified hepatic colon cancer metastasis genes not expressed in tumor-unaffected areas of the same liver, but expressed in the primary tumors of patients that developed metastases within five years of diagnosis. To this aim, RNAs from hepatic metastasis, tumor-unaffected hepatic tissue and peripheral blood mononuclear cells from same colon cancer patients were purified, and the specific gene clusters representing the transcriptome of colon cancer cells developing hepatic metastases in patients was determined by DNA microarray and RT-PCR [52] .
Second, among the identified hepatic metastasis genes, we next selected those that overlapped with genes whose expression level changed in cultured HT-29 colon carcinoma cells exposed to the conditioned medium from tumoractivated hepatocytes and hepatic stellate cell-derived myofibroblasts (Fig. 7) . This allows determining if both tumor and liver cells were mutually influencing the expression of metastasis-associated genes. We also determined genes co-expressed in hepatic metastases and tumorunaffected liver tissue, but not in the primary tumors. From this gene category we then selected those expressed either by HT-29 cells treated with liver cell-conditioned media, or by liver cells receiving HT-29-conditioned media. Identified genes suggested that metastatic colon cancer have hepatomimetic properties, and that hepatic tissue expressed colon cancer-specific genes under the regulation of tumor-derived factors [94, 95] .
A third approach was to determine genes of tumorunaffected areas from livers bearing colon cancer metastasis, not expressed by colon cancer cells. This gene category represented the genetic background of the liver prometastatic reaction induced by colon cancer-derived factors, and therefore, included those genes operating at the colon cancer metastasis microenvironment.
From these studies, three microenvironment-related gene expression categories were identified (Table 1) : a) Hepatic metastasis genes not expressed in tumorunaffected liver. Some of these genes were also expressed in the primary tumors particularly in a group of patients that developed metastases within 5 years of diagnosis. They were also expressed in HT-29 cells treated with cultured liver cell-conditioned media and in liver cells treated with HT-29 cell-conditioned media. This hepatic metastasis gene class included some wellknown molecules that consistent with our findings have already been related to colon cancer metastasis and some of them are even considered as potential colon cancer targets. For example, S100P is expressed at greater levels in colon cancer than matched normal tissue [96] and acts via receptor for activated glycation end products (RAGE) in its role as a paracrine factor to stimulate ERK phosphorylation and NFκB pathway [97] . Moreover, knocking down S100P gene expression in colon cancer cells, using lentivirus-mediated RNA interference, resulted in significant inhibition of cancer cell growth, migration and invasion in vitro, as well as liver metastasis in vivo [98] . Cadherin-H1 (CDH1) gene encodes E-Cadherin, a primary cell-cell adhesion molecule for epithelial cells whose under expression in primary tumors, including colorectal tumors [99] , Fig. 7 Experimental design for the study of colon cancer cell response to soluble factors from tumor-activated human hepatocytes and hepatic stellate cell-derived myofibroblasts. (I) HT-29 human colorectal cancer cells were cultured until subconfluency, serum-free fresh medium exchanged and a 12-hour conditioned medium (CM) was prepared and (II) added 50% diluted in fresh medium to primary cultured hepatocytes and stellate cell-derived myofibroblasts obtained from hepatic tissue fragments resected for treatment purposes from patients with hydatid cyst, and approved by our Ethics Committee. Next (III), new conditioned media were obtained from untreated and HT-29-CM-treated hepatocytes and hepatic myofibroblasts and added 50% diluted in fresh medium to HT-29 colon cancer cells may facilitate the mobility of cancer cells required for dissemination, while its overexpression by colon cancer cells at hepatic metastasis sites herein detected, is consistent with previous studies on E-Cadherin regulation in epithelial cancer cells [100, 101] , and may indicate reactivation of an epithelial cell differentiation program needed for secondary tumor growth. Osteopontin (SPP1) is a hypoxia-regulated extracellular matrix protein that has been proposed as lead marker for tumor progression and metastasis in colon cancer and hepatocellular carcinoma [102, 103] . Its serum level also increases an early marker of hepatic metastasis from uveal melanoma [104] while it gene silencing decreases metastatic ability of mouse colon cancer cells [105] . Transforming growth factor betainduced (betaig-h3/TGFBI) gene encodes expression of an extracellular matrix protein secreted by colon cancer cells whose expression enhances aggressiveness and metastatic properties of colon cancer cells, while its expression inhibition reduces metastasis [106] . Thioredoxin-1 (Trx-1) gene encodes a redox protein whose increased expression in colorectal cancer is associated with decreased patient survival [107] and poor prognosis in patients with hepatic colorectal metastasis [108] . Calcyclin (S100A6) gene encodes a calcium transporter protein over-expressed by numerous malignancies, whose increased expression in human colorectal adenocarcinoma has been associated with invasion and metastasis [109] .
HT-29 Human Colon Carcinoma
b) Genes co-expressed in hepatic metastases and tumorunaffected liver tissue. This gene group was neither expressed in the primary tumors nor in the normal liver. It included both liver-specific genes expressed by HT-29 cells treated with liver cell-conditioned media, and colon cancer-specific genes expressed by liver cells receiving HT-29-conditioned media. Once again, in this hepatic metastasis gene class we found some molecules whose oncogenic implications have already been detected in malignant tumors, colon cancer included. For example, macrophage migration inhibitory factor (MIF) expression in the gastrointestinal tract contributes to inflammation and immune response regulation, but also to carcinogenesis. MIF expression is increased in sporadic human colorectal adenomas, and exogenous MIF drives tumorigenic behavior of epithelial cells in vitro [110] . Serum levels of MIF are increased in early stage colon cancer and have been proposed as an early diagnostic marker in colorectal carcinomas [111] . Peroxiredoxin IV gene expression has been reported to increase in metastatic colon cancer [112] . It scavenges extracellular ROIs [113] , which may protect liverinfiltrating colon cancer cells from intrasinusoidal oxidative stress [32] . Chromosome segregation 1-like/ cellular apoptosis susceptibility (CSE1L) gene overexpression has also been reported in colon cancer [114] and proposed as a potential prognostic marker for metastatic colorectal cancer [115] . Haptoglobin gene encodes an acute phase hepatic protein whose seric Genes from primary tumors of colorectal carcinoma patients that developed hepatic metastases in less than five years from first diagnosis
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• Peroxiredoxin-IV • Ribosomal Protein L23a • CSEIL Hepatic colorectal cancer metastasis genes not expressed at the primary tumors
Genes expressed at hepatic metastases that were not expressed by normal liver tissue
cDNA microarrays and reverse transcription-polymerase chain reaction were used to determine the gene expression profiles of hepatic colorectal carcinoma metastases and their corresponding tumor-unaffected liver tissue from the same patients. Genes overexpressed by a factor of ≥3 fold were classified into three distinct groups: Hepatic metastasis genes not expressed in tumor-unaffected liver tissue (left column), co-expressed by hepatic metastases and tumor-unaffected liver tissue (central column) and expressed by tumor-unaffected liver tissue but not at hepatic metastases (right column). Interestingly, for every subgroup, some genes occurred at the primary tumors of colorectal carcinoma patients that developed hepatic metastases in less than five years from first diagnosis (upper row); some exclusively occurred at hepatic colorectal cancer metastases but not at their primary tumors (middle row); and finally, some occurred at hepatic metastases but not in the normal liver tissue (lower row). levels increase in patients with infectious, inflammatory and neoplastic diseases. Interestingly, it has been reported as a serum biomarker for patients with familial adenomatous polyposis [116] and even with metastatic colorectal carcinoma [117] . TNFSF14 (tumor necrosis factor ligand superfamily member 14) gene encodes an immunoregulatory cytokine of the TNF ligand family which increases by 6-fold in the liver of Lewis lung carcinoma cell-injected mice [118] , and which induces T cell proliferation and prevents TNFα-mediated apoptosis in hepatocyte [119] .
The finding that the gene expression profiles of hepatic metastases had some similarities with the profiles seen in tumor-unaffected hepatic tissue, suggest that metastatic colon cancer have hepatomimetic properties. Conversely, we also found that hepatic tissue expressed colon cancer-specific genes under the regulation of tumor-derived factors. This suggests that mutual gene expression mimicking occurs when metastatic cells are exposed to the hepatic microenvironment and vice versa. The identification of distinct microenvironment-related hepatic metastasis genes in clinical specimens from primary tumors implicates them in the hepatotropism and metastatic development of colorectal carcinoma. c) Genes of tumor-unaffected liver tissue not expressed in hepatic metastases. This gene group was expressed in liver cells, but not in colon cancer cells, and represented the genetic background of the hepatic metastasis microenvironment generated by hepatic cells that have reacted to colon cancer-derived factors. In this gene class, we still could be able to detect some genes occurring in patients that developed hepatic metastases in less than 5 years from first diagnosis, while others were absent in primary tumors or in normal liver.
These results suggest that although some hepatic metastasis genes may already be expressed in the primary colon cancer and may be predictive of metastasis risk in the cancer patients, additional changes to gene expression take place in the liver under the control of tumor-activated hepatic cells. While this microenvironmental regulation of hepatic metastasis genes may occur at the earliest stages of metastasis, it is likely that some of the altered genes are still under microenvironmental control even at an advanced phase of the metastatic process and may therefore have implications for therapy. Interestingly, most of the genes from the three microenvironment-related gene expression categories had already been related to mechanisms of cancer progression and some of them in colon carcinoma.
Hepatic Cell Lineage-Specific Regulation of Metastasis Genes from Colon Cancer Cells How the microenvironment of a highly susceptible metastasis site such as the liver dictates the ability of a tumor to metastasize is in general unclear. In our model, tumor-activated hepatocytes and hepatic stellate cell-derived myofibroblasts were major components of the metastasis stroma supporting colon carcinoma cell growth in the liver. Cultured HT-29 colon cancer cells contained 235 genes significantly upregulated by hepatocyte-CM and 67 genes by hepatic myofibroblast-CM ( Fig. 8 and Table 2 ). Majority of genes upregulated by both hepatic cell types were different, but some overlapped with those included in the specific gene cluster representing the transcriptome of cancer cells developing hepatic metastases in patients with colon carcinoma. This suggests that some human colon cancer genes that are expressed during metastasis growth are controlled in the liver by hepatocytes, by hepatic myofibroblasts, or by both hepatic cell types at same time. More importantly, consistent with in vitro colon cancer cell proliferation-stimulating effects of tumor-activated hepatocytes and HSC-derived myofibroblasts, around 50% of hepatic cell-dependent colon cancer cell genes belonged to the cell cycle-regulation class, suggesting a role of these tumor-activated hepatic cells in the control of colon cancer cell proliferation [11, 13, 17] .
Conclusions
The liver is the first organ where colon cancers deliver their soluble molecules and circulating cancer cells. The effect of colon cancer products results in the "liver prometastatic reaction", a special microenvironment supporting the experimental hepatic colonization process of colon cancer cells [11] . It represents a key pathophysiological event of early stage colon cancer patients that has implications for hepatic metastasis pathogenesis and regulation. However, tumor-derived products are not the only increasing hepatic predisposition to colon cancer metastasis. There are some tumor-unrelated biological backgrounds, such as DDR-2 deficiency, and pathophysiological circumstances of the liver, such as hepatic fibrosis, regeneration and chronic inflammation that also can mimic the prometastatic reaction, promoting hepatic colonization of colon cancer cells under experimental conditions.
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-CFTR Cystic fibrosis transmembrane conductance regulator -S100P S100 calcium binding protein P -IFI27 Interferon, alpha-inducible protein 27 -FABP5 Fatty acid binding protein 5 (psoriasisassociated) -RPS21 Ribosomal protein S21 metastasis risk. However, despite the potential prometastatic role of the hepatic microenvironment, it is at present unclear which genes tumor-activated hepatic cells specifically regulate in colon cancer cells for supporting their intrahepatic growth.
We used a microenvironmental approach to the study of genes associated with colon cancer cells' ability to metastasize to the liver in patients with advanced colon cancer. First we determined hepatic metastasis genes not expressed in tumor-unaffected areas of the same liver but expressed in the primary tumors of patients that developed metastases within 5 years of diagnosis. Among identified hepatic metastasis genes, we next selected those that overlapped with genes whose expression level changed in HT-29 colon carcinoma cells given the conditioned medium from tumor-activated hepatocytes and hepatic stellate cellderived myofibroblasts. Second, we determined genes co-expressed in hepatic metastases and tumor-unaffected liver tissue, but neither in the primary tumors nor in normal liver. From this gene category we then selected those expressed either by cultured HT-29 cells treated with liver cell-conditioned media, or by primary cultured liver cells receiving HT-29-conditioned media. Identified genes suggest that metastatic colon cancer have hepatomimetic properties, and that hepatic tissue expressed colon cancerspecific genes under the regulation of tumor-derived factors. Some of these genes, as for example MIF, Peroxiredoxin-IV, CSEIL or TNFSF14, have already been related to mechanisms of cancer progression, including colon carcinoma.
A third approach was to determine genes of tumorunaffected areas from livers bearing colon cancer metastasis, not expressed by colon cancer cells. This gene category represented the genetic background of the liver prometastatic reaction induced by colon cancerderived factors, and therefore, genes at the colon cancer metastasis microenvironment.
Thus, we identified microenvironment-related colon cancer genes whose expression level was regulated by hepatocytes, hepatic myofibroblasts or both. We also identified some genes representing the liver prometastatic reaction. We do not yet know which specific tumor and hepatic cell factors are controlling the mutual gene expression mimicking occurring when metastatic cells are exposed to the hepatic microenvironment. Neither is it known on the specific role of these genes in the pathogenesis of hepatic metastasis. However, identified genes provide a new target context for therapeutic innovation in the cancer metastasis microenvironment of colon cancer patients. On the one hand, by developing drugs able to block liver factors supporting colon cancer metastasis genes and therefore preventing effects of the "liver prometastatic reaction" in colon cancer patients. On the other hand, by developing drugs able to block those factors from colon cancer cells able to induce the prometastatic microenvironment of the liver.
